Racemic and enantiopure ethylenedithio-tetrathiafulvalene-thiomethyl-oxazoline (EDT-TTF-(SMe)-OX) derivatives have been synthesized. Single-crystal X-ray diffraction analyses reveal the establishment of OÁÁÁS nonbonded interactions, unprecedented in the TTF series, characterized by short SÁÁÁO distances and linear OÁÁÁSMe motifs. Theoretical calculations at the DFT/B3LYP level on a model molecule demonstrate that both possible planar s-trans (OÁÁÁS interaction) and s-cis (NÁÁÁS interaction) conformations are energy minima, separated by an extremely weak energy gap. The energy barrier corresponding to the equilibrium between the two forms has been also estimated from DFT calculations, as well as their relative stability in the radical cation state of the TTF. According to the latter, there is a slight tendency towards the enhancement of the NÁÁÁS interactions. Following the predictions of the theoretical calculations, the coexistence of both OÁÁÁS and NÁÁÁS nonbonded interactions is observed in two mixed valence radical cation salts of the racemic TTF with the dianionic cluster Mo 6 Cl 14 , prepared upon electrocrystallization. Interestingly, the ratio TTF : dianion is finely tuned by the choice of the electrocrystallization solvent. Physical measurements such as electrical conductivity and thermoelectric power on single crystals combined with magnetic susceptibility data in one case and extended Hu¨ckel tight-binding calculations demonstrate and rationalize the semiconducting behavior of both mixed valence salts. This study demonstrates that intramolecular NÁÁÁS and OÁÁÁS interactions can efficiently modulate and direct in the TTF series the occurrence of original solid-state structures provided with physical properties. w Electronic supplementary information (ESI) available: Geometries, equilibrium energies with the zero-point corrections, low frequencies and Cartesian coordinates for the optimized structures of TTF-SMe, 1 0 s-trans, 1 0 s-cis, 1 0+ s-trans, 1 0+ s-cis, 1 00 (including the summary for the PES calculation). See
Introduction
Intra-and intermolecular nonbonded interactions (or secondary-bonding interactions) between heavier chalcogens (E = S, Se) and oxygen or nitrogen atoms have been shown to be responsible for controlling the conformation of a large number of molecules. 1 As a general feature, the nonbonded EÁÁÁOo rE ÁÁÁN distances are significantly shorter than the sum of the corresponding van der Waals radii in the crystalline structures or optimized geometries of the investigated compounds. 2 These interactions may play important roles in the structure and biological activity of certain organic sulfur containing compounds, 3 in the regulation of enzymatic functions, 4 stabilization of folded protein structures, 5 but also in supramolecular chemistry, as a tool for the crystal engineering. 6 From a theoretical point of view, this type of interaction is most often described as a three center-four electron (3c-4e) interaction between a heteroatom Y (O, N) lone pair orbital and a s*(E-C) (E = S, Se) orbital leading to a weak unsymmetrical hypervalent bond (Chart 1).
This feature was nicely evidenced, for example, in a series of anthraquinone and 9-methoxyanthracene bearing arylselanyl substituents at the 1,8-positions, thus showing intramolecular nonbonded C-SeÁÁÁO interactions, 7 in (acylimino)thiadiazoline derivatives characterized by 1,5-nonbonded SÁÁÁO interactions, 3b or in 1,2,5-chalcogenadiazoles which form supramolecular associations thanks to intermolecular NÁÁÁE (S, Se, Te) short contacts (Chart 2). 6c
Chart 1 Schematic drawing of a np-s* 3c-4e nonbonded interaction.
Moreover, this orbital p-s* model also describes at best chalcogen-chalcogen (S, Se, Te) nonbonded interactions, either intramolecular, as shown by Nakanishi et al. in 1, 8substituted sulfanyl and selanyl naphthalene and anthracene derivatives, 8 or intermolecular, as recently discussed by Gleiter and co-workers within a series of dimeric model systems of Me 2 XÁÁÁXMeZ type (X = O, S, Se, Te; Z = Me, C 2 H, CN). 9 Interestingly, Raos et al. theoretically investigated a series of a,a 0 -bithiophenes substituted in b positions with OCH 3 groups amongst others, and they found energy minima for planar conformations, very likely due to attracting 1,5-nonbonded SÁÁÁO interactions. 10 They based their analysis on Bader's ''atoms in molecules'' (AIM) theory 11 in order to identify and characterize the occurrence and strengths of these contacts, evidenced through the existence of ''bond critical points'' (BCP) and ''ring critical points'' (RCP). The results of Raos et al. are particularly interesting, since they highlight the role of the intramolecular nonbonded interactions, with respect to conjugation effects, in stabilizing planar conformations in a,a 0 -bithiophenes, an important feature in the modulation of the electronic properties of thiophene based materials for electronics and optoelectronics. It is clear that in the field of conducting molecular materials, for which the solid-state properties are highly influenced by intra-and intermolecular contacts and orbital overlaps, thus allowing for tunable electron delocalization and activation within the solid, the EÁÁÁY (N, O) nonbonded interactions might play a paramount role. This is all the more interesting since many electroactive valuable molecular precursors are chalcogen rich compounds. In this respect, prominent redox active organic sulfur containing donors are the tetrathiafulvalene (TTF) derivatives, 12 a class of electroactive precursors extensively studied in the quest for molecular conductors and superconductors. 13 To the best of our knowledge, TTF derivatives functionalized with groups susceptible to engage in intramolecular EÁÁÁY (N, O) nonbonded interactions have not been synthesized on purpose so far.
We recently described the synthesis of chiral EDT-TTFoxazolines (EDT-TTF-OX) (EDT = ethylenedithio), 14 which provided the first complete series of molecular conductors based on chiral TTFs, including both (R) and (S) enantiomers, and the racemic mixture, bearing a methyloxazoline heterocycle. 15 These donors, having C 1 symmetry, show conformational flexibility due to the relative orientation of the oxazoline with respect to the TTF mean plane, because of the free rotation around the C TTF -C Ox single bond. This implies a priori two possible energy minima corresponding to the s-trans and s-cis planar conformations (Chart 3).
In the solid-state structures of the neutral TTF-OX compounds, only the former was observed. On the contrary, in their radical cation salts the donor molecules adopt both conformations, very likely because of the small energy difference between them, probably even smaller in the oxidized form than in the neutral one. With respect to these conformational issues, we anticipated that the presence of a thioalkyl (-SR) group at the carbon atom ortho to the oxazoline ring would promote 1,5-type nonbonded intramolecular SÁÁÁOo rS ÁÁÁN interactions, thus providing a complete planarization of both substituents, i.e. SR and oxazoline, with respect to the TTF plane (Chart 4).
Indeed, one can reasonably think that both interactions might occur, yet the NÁÁÁS(Se) interaction seems to overcome the OÁÁÁS(Se) one, as deduced from X-ray and spectroscopic data within a series of selanyl and sulfanyl oxazolines, 16 although no theoretical calculations were performed by the authors in order to estimate their relative strengths. Note also that short intramolecular OÁÁÁS contacts have been observed within crystalline structures of 2-thioxo-1,3-dithiole derivatives, 17 which often serve as TTF precursors upon coupling reactions. Moreover, in the case of our targeted EDT-TTF-(SMe)-oxazoline derivatives 1, the TTF oxidation state is likely to influence on the SÁÁÁN vs. SÁÁÁO balance as a fine tuning parameter.
We present in this report, first, the synthesis of the (AE)-, (R)and (S)-ethylenedithio-tetrathiafulvalene-thiomethyl-methyloxazolines (EDT-TTF-(SMe)-OX) 1 series along with their single-crystal X-ray structures combined with theoretical calculations, aiming at emphasizing the establishment of SÁÁÁNo rS ÁÁÁO nonbonded interactions. Then, we discuss the energy barrier between the corresponding planar conformations, estimated within a model compound. Finally we illustrate the same SÁÁÁNo rS ÁÁÁO nonbonded interactions in oxidized 1, for which a series of three radical cation salts with the (AE)-1 donor and Mo 6 Cl 14 dianion have been obtained, only by varying the solvent used in the electrocrystallization experiments. The correlation between the solid-state physical properties, single-crystal X-ray structures and theoretical calculations is also discussed in the case of these salts.
Results and discussion
Synthesis and X-ray crystal structures of EDT-TTF-(SMe)-OX 1
For the preparation of the chiral donors 1 we employed the classical cross coupling reaction in TTF chemistry, mediated by trimethyl phosphite, 18 starting from the appropriate ethylenedithio-dithiolethione 2 and the functionalized dithiolone 3, readily obtained upon oxymercuration of the corresponding dithiolethione described in the literature. 19 Then, hydrolysis under basic conditions followed by acylation with oxalyl chloride provides the acyl chloride 5. The reaction of the latter with the series of (AE)-, (R)-and (S)-2amino-1-propanol (alaninol) gives the b-hydroxyamides 6, which are further treated with methane-sulfonyl chloride (MsCl) to obtain the thiomethyl-oxazolines 1, in the same conditions as described for the simpler analogues (Scheme 1). 14 Compounds 1 were characterized by 1 H and 13 C NMR, mass spectrometry and elemental analysis. Note the difference in melting points between the racemic oxazoline 1a (135 1C) and the enantiopure counterparts 1b,c (155 1C). Furthermore, suitable single-crystals for X-ray diffraction studies have been obtained for the three donors. The enantiopure oxazolines 1b (R) and 1c (S) are isostructural, crystallizing both in the orthorhombic system, non-centrosymmetric space group P2 1 2 1 2 1 , with one independent molecule in the unit cell, in general position.
The most striking feature in the solid-state structures of 1b,c is the establishment of a short intramolecular O(1)ÁÁÁS(7) contact at 2.87 Å (Fig. 1 ). This distance is largely within the sum of the van der Waals radii of S and O atoms (3.32 Å ), 20 clearly indicating the establishment of a OÁÁÁS 1,5-type nonbonded interaction, also characterized by the collinearity of the OÁÁÁS-Me motif. The TTF-oxazoline conformation is thus of s-trans type and the overall geometry of the donor molecule is flat, only the C(8) carbon atom of the ethylenedithio bridge and the C(12) carbon atom on the oxazoline ring protruding out of the molecule mean plane. Folding angles along the SÁÁÁS hinges amount to 2.41 (1b) and 1.41 (1c) for S(1)ÁÁÁS(2), and to 5.51 (1b) and 6.21 (1c) for S(3)ÁÁÁS(4), whereas torsion angles of 6.11 (1b) and 5.71 (1c) for TTF mean ÁÁÁOX mean , and 4.41 (1b) and 3.31 (1c) for TTF mean ÁÁÁSMe are observed. Intermolecular SÁÁÁS distances within the stacking direction a amount to 3.8-3.9 Å . Interestingly, the quasi-planarity of the molecules allows for the engagement of the SMe sulfur atom in rather short SÁÁÁS intermolecular contacts, thus suggesting its possible participation in the electron delocalization in corresponding radical cation salts. Intramolecular bond lengths are typical for a neutral TTF derivative (Table 1) .
Moreover, the racemic 1a crystallizes in the orthorhombic system, centrosymmetric space group Pnma, with one Scheme 1 Reagents and conditions: (i) P(OMe) 3 , 4 h at 110 1C; (ii) LiOH to give the acid 4 0 ; (iii) (COCl) 2 , THF, cat. Py; (iv) 2-amino-1-propanol (AE, R or S), NEt 3 , THF, 12 h, RT; (v) NEt 3 , THF, MsCl at 0 1C, then 20 h at 50 1C. independent molecule in the unit cell, located on a mirror plane. This imposes a perfect planarity of the molecule, excepting the C8 carbon atom of the ethylenedithio bridge and the oxazoline methyl group C12, disordered with respect to the mirror plane. The fact that the molecule lies on a special position, which is a symmetry imposed constrain, combined with the small size of the crystals, leads to an overall medium quality of the structure, with some large thermal ellipsoids. The folding and torsion angles discussed in the case of the enantiopure counterparts fall all to 01 ( Fig. 2 ).
Both enantiomers are thus located on the same crystallographic site, adopting an s-trans conformation characterized by a rather short O(1)ÁÁÁS(7) intramolecular contact amounting to 2.95 Å , with a collinear OÁÁÁS-Me arrangement (OÁÁÁS-Me angle equals 177.41). Once again, this feature is reminiscent of a OÁÁÁS 1,5-type nonbonded interaction.
Cyclic voltammetry measurements performed on thiomethyl-oxazolines 1a-c show that these compounds posses good electron donating properties. Indeed, typical two reversible single electron oxidation waves are observed, at potential values of 0.63 (TTF + ) and 1.11 (TTF 2+ )Vvs. SCE, respectively, which is indicative of good stability of the corresponding radical cation species.
Theoretical study on neutral TTF-OX
The occurrence, within the series 1a-c,o fO ÁÁÁS intramolecular short contacts is in sharp contrast with previous observa-tion of a NÁÁÁS nonbonded interaction in the case of a sulfanyl oxazoline, 16a eventually suggesting that the energy difference between the two possible planar conformations, i.e. s-trans for the OÁÁÁS interaction and s-cis for the NÁÁÁS one, is likely to be small. Therefore, in order to evaluate both possible nonbonded interactions, we have undertaken a theoretical study at the DFT level, with the B3LYP functional and 6-31+G* basis set, on the model TTF-oxazoline 1 0 , not containing a methyl group on the oxazoline ring ( Fig. 3) .
Starting from appropriate geometries of 1 0 , both conformations have been optimized and converged to energy minima. The calculated equilibrium geometry for 1 0 s-trans is in good agreement with the experimental structure of 1 as obtained from X-ray data (vide supra). Particularly interesting is the analysis of the folding and torsion angles, as well as the features of the OÁÁÁSMe (1 0 s-trans) and NÁÁÁSMe (1 0 s-cis) interactions. The overall geometry of both conformations is flat, with SÁÁÁS, TTFÁÁÁOX and TTFÁÁÁSMe dihedral angles close to those experimentally observed. In the case of 1 0 s-trans, the short OÁÁÁS distance of 2.88 Å reproduces very well the experimental one (2.87 Å for 1c). Moreover, the oxygen atom aligns with the S-Me bond, thus suggesting the establishment of an OÁÁÁS intramolecular nonbonded interaction. Also, in the case of 1 0 s-cis,aN ÁÁÁS nonbonded interaction is likely to occur, since the NÁÁÁS distance is as short as 2.95 Å , to compare with the sum of the van der Waals radii amounting to 3. 35 Å , 20 and the N atom is collinear with the S-Me bond. The energy difference between the optimized conformations is only of 0.26 kcal mol À1 in favor of the s-cis structure, therefore one can conclude that the crystallization of the only s-trans structure in the case of series 1a-c is probably due to packing effects and other weak intermolecular interactions, not taken into account in the gas phase calculations. Another factor which could provide additional stabilization for the s-trans conformation over the s-cis one is the presence, in 1a-c, of a methyl group at the chiral C(11) carbon atom adjacent to the nitrogen atom, hence a source of steric hindrance likely to hamper the NÁÁÁS contact. In order to have additional characterization of these secondary-bonding interactions, we have undertaken the Bader's ''atoms in molecules'' (AIM) analysis 11 of the electron density in the case of the model TTF-OX 1 0 . Although subject to controversy between theoretical chemists, 21 this theory was applied in various types of interactions between closed-shell atoms, such as hydrogen bonding, 22 van der Waals interactions, 23 or intramolecular chalcogen-chalcogen interactions. 8e,24 A very useful summary of the AIM theory, containing the relevant items highlighting the characteristics of nonbonded interactions, can be found in the report of Raos et al. describing conformational states and stabilization due to nonbonded interactions in substituted bithiophenes. 10 The goal of our approach was to identify the ''bond critical point'' (BCP), characterized by a certain value of the electron density (r B ), associated to the supposed XÁÁÁS (X = N, O) nonbonded interaction. The magnitude of the BCP electron density correlates with the interaction strength, 25 such as it was shown in H-bonded complexes. 22 More interesting for our study is the value of r B = 7.7 Â 10 À3 of the electron density at the BCP for the SÁÁÁO intermolecular interaction in the supramolecular complex (SO 2 ) 2 . 23 Another magnitude associated to a BCP is the Laplacian r 2 r B of the density, which is negative for a shared-electron covalent bond and positive for a closed-shell interaction. 11,23 Values of r 2 r B for hydrogen bonds range between 2.4 Â 10 À2 and 14 Â 10 À2 , 22 whereas for the SÁÁÁO interaction in (SO 2 ) 2 a value of 3.1 Â 10 À2 has been determined. 23 The analysis of these two parameters, i.e. r B and r 2 r B , along with the corresponding contraction ratio C XS with respect to the sum of the van der Waals radii of X and S (Table 2) , undoubtedly indicate the establishment of rather strong OÁÁÁS and NÁÁÁS nonbonded interactions in 1 0 s-trans and 1 0 s-cis, respectively.
The characteristics for the OÁÁÁS interaction compare very well with those obtained by Raos et al. in their study, 10 whereas those for the NÁÁÁS are of the same order of magnitude, both falling in the range of moderate strong hydrogen bonds. 22, 23 Note that the values of the ellipticity (see ESIw) range between 0.13 and 0.17, indicating a certain anisotropy of the charge distribution. Moreover, one can ask the question whether this XÁÁÁS interaction, supposed of np X -s* S-C type, can be retraced from its contribution to certain molecular orbitals.
Let us examine first a couple of molecular orbitals of 1 0 s-trans ( Fig. 4) . As can be observed in Fig. 4 , the HOMO of the molecule is clearly of TTF p type, with some non-negligible contribution from the sulfur atom of the SMe group and also from the nitrogen atom. This feature suggests that in the corresponding radical cation salts some electronic density is likely to be delocalized over these atoms. Interestingly, one can find the signature of the OÁÁÁS interaction in lower occupied orbitals, such as HOMOÀ13 in which a bonding combination between an oxygen lone pair and the s* S-C is definitely observed, thus proving that the description of the OÁÁÁS weakly-bonding interaction as a 3c-4e model is adequate. Note, however, that a small part of this molecular orbital is due to a bonding combination between the 2p y (C) and 1s (H) orbitals. Moreover, the molecular orbital HOMOÀ13, containing a likely np O -s* S-C combination, is deep in energy, and thus accounts at best for a bond description. The situation is only slightly different in the case of 1 0 s-cis in the sense that the HOMO is also of TTF p type with coefficients on nitrogen and sulfur SMe atoms, while a bonding 2p z (N)-3p z (S) combination can be distinguished in the p type HOMOÀ1, an original feature within this type of nonbonded interactions, suggesting that p interactions are very likely involved in the establishment of a short NÁÁÁS contact (Fig. 5) . Indeed, theoretical studies on a series of chalcogen containing diazenes undoubtedly demonstrated the important role of the p type orbital interactions in the stabilization of intramolecular EÁÁÁN contacts. 26 It is thus clear that in the case of our TTF-SMe-OX the stabilization of planar structures, be they s-cis or s-trans, is largely favored also by p interactions such as p(S)-p(CQC) and p(CQC)-p(CQN). However, the quantitative evaluation of the p contribution, or other forces such as the Pauli repulsion between lone pairs, is beyond the scope of our present study. Deeper in energy, a bonding np N -s* S-C combination can be observed in the HOMOÀ9 molecular orbital, also containing a very small 2p y (C)-1s (H) bonding contribution. This demonstrates once again that the 3c-4e model accurately describes also the NÁÁÁS nonbonded interaction in our case.
Barrier energy between s-cis and s-trans conformations
As discussed above, the two optimized conformations are isoenergetic. Nevertheless, the question concerning the required energy barrier corresponding to the equilibrium between the two forms might arise. In order to address this point we performed a relaxed scan potential energy surface (PES) calculation at DFT level with the B3LYP/6-31+G* functional and basis set, on a simpler model, namely the achiral cis-(SMe)-oxazoline-ethene 1 00 . We started our calculation from the optimized geometry of the planar s-cis conformation, characterized by a short NÁÁÁS distance of 3.01 Å , albeit longer than in the model 1 0 , and then we increased stepwisely the value of the torsion angle CQCÁÁÁOX (D1) by increments of 151. At each step of this rotational process all the geometric parameters were optimized with respect to the fixed value of D1. As expected, when the angle D1 reached the value of 1801, the s-trans conformation of 1 00 was obtained within a planar geometry, characterized by a short OÁÁÁS distance of 2.93 Å . Once again, as in the case of 1 0 , the optimized s-cis conformation was only slightly more stable, by 0.36 kcal mol À1 , than the s-trans one. Interestingly, the SMe group has the tendency to follow the rotation of the oxazoline, thus keeping a short NÁÁÁS distance as much as possible. However, this distance steadily increases with D1, to overcome the sum of the van der Waals radii (3.35 Å ) for a value of D1 between 451 (NÁÁÁS 3.23 Å ) and 601 (NÁÁÁS 3.40 Å ). The relative energy of the different conformations reaches a maximum at 7.1 kcal mol À1 , corresponding to a D1 value of 901, and a value of 22.71 for the torsion angle CQCÁÁÁSMe. The latter falls back to 01 in the s-trans conformation (Fig. 6) .
Obviously, an energy barrier of around 7 kcal mol À1 , which can be taken as an evaluation of the NÁÁÁSorOÁÁÁS interaction strength, definitely allows for a free rotation at room temperature of the oxazoline ring and SMe group with respect to the TTF mean plane, be it in the model 1 0 or in the real system 1.
Nevertheless, these interactions are very likely strong enough to favor in the solid state the crystallization of the planar conformations s-trans or s-cis. Low-temperature solution 1 H NMR measurements, down to 223 K, temperature at which the compound precipitated, did not allow for the observation of the two conformations in equilibrium. However, this is not surprising when considering the low value of the energy barrier. Note that the geometry optimization of the simple TTF-SMe derivative, not containing the oxazoline ring, at the same level of theory, provided a minimum of energy for a conformation with a torsion angle TTFÁÁÁSMe amounting to 651, well beyond a planar structure (ESIw).
Theoretical study on TTF-OX radical cations
In order to evaluate to what extent the TTF oxidation state influences on these NÁÁÁS and OÁÁÁS weakly-bonding interactions, we have performed DFT/UB3LYP calculations on the corresponding radical cation species of 1 0 s-trans and 1 0 s-cis. Both conformations are energy minima, within fully planar geometry for each, as indicated by the values of 01 for the SÁÁÁS folding angles and TTFÁÁÁOX and TTFÁÁÁSMe torsion angles. The planarity of the TTF moiety is a recurrent feature in radical cation species, 12 whereas the mutual planarity of the oxazoline ring and SMe group is a likely consequence of NÁÁÁS or OÁÁÁS nonbonded interactions. Indeed, as in the case of neutral 1 0 , the same geometric, orbital and AIM analysis can be undertaken for 1 0+ in order to assess the occurrence of these interactions and to correlate the theoretical results with X-ray data on radical cation salts of 1. Thus, in the optimized structure of 1 0+ s-trans (Fig. 7) the OÁÁÁS distance amounts at 2.90 Å , with an almost perfect OÁÁÁSMe alignment (angle at 176.91). The SOMO of 1 0+ s-trans, suggesting a sizeable electron delocalization over the SMe group and N atom, is also shown in Fig. 7 , along with a molecular orbital (HOMOÀ10) containing a np O -s* S-C character, although some bonding 2p y (C)-1s (H) is also observed.
On the other hand, the NÁÁÁS distance in the optimized structure of 1 0+ s-cis reaches 2.94 Å , while the NÁÁÁSMe motif is also linear with the corresponding angle at 176.81 (Fig. 8) .
Representative molecular orbitals, such as the SOMO, suggesting the involvement of the SMe group and oxazoline ring in the electron delocalization, and the HOMOÀ7, illustrating the np N -s* S-C overlap, are shown in the same figure.
The AIM analysis (vide supra) allowed to detect a BCP (bond critical point) associated to the OÁÁÁS interaction. Selected AIM parameters, i.e. r B (electron density at the bond critical point) and r 2 r B (Laplacian of r B ), for 1 0+ s-trans are listed in Table 2 . Their magnitudes eventually suggest, when compared to those of neutral 1 0 s-trans, that the interaction weakens at some extent upon oxidation of TTF. On the contrary, one could say that the NÁÁÁS interaction somewhat strengthens in 1 0+ s-cis when compared with 1 0 s-cis with respect to the values of r B and r 2 r B , yet in both radical cation conformations the XÁÁÁS nonbonded interactions are still in the range of moderate strong hydrogen bonds. 22, 23 As a matter of fact, the calculated energy difference DE = E 1 0 + s-trans À E 1 0 + s-cis of 0.63 kcal mol À1 between the two optimized conformations, although still very small, shows the same tendency as the AIM parameters towards a slight stabilization of the s-cis conformation with respect to the s-trans one. Then the question arises whether this trend eventually correlates with experimental observations. A 2:1 radical cation salt of 1a with the Mo 6 Cl 14 2À dianion
One of the main goals in TTF chemistry is the synthesis of radical cation salts exhibiting interesting physical properties, such as electronic conductivity and/or magnetism in the solid state. 13 Accordingly, we focused next on electrocrystallization experiments with the racemic donor 1a, which provided an original series of three radical cation salts with the same dianion Mo 6 Cl 14 2À , but different stoichiometries tuned only by changing the solvent in the electrocrystallization cell. The first salt we describe herein was obtained upon oxidation of 1a in CH 2 Cl 2 in the presence of [(n-Bu) 4 N] 2 [Mo 6 Cl 14 ] as supporting electrolyte. The X-ray diffraction analysis on small brown crystalline blocks revealed a stoichiometry of 2:1, therefore the salt can be formulated as [1a] 2 [Mo 6 Cl 14 ], hence full oxidation of TTF. The compound crystallizes in the triclinic system, space group P 1, with one independent enantiomer of EDT-TTF-(SMe)-OX in general position and a dianionic Mo 6 Cl 14 2À cluster located on an inversion center in the unit cell. The opposite enantiomer of EDT-TTF-(SMe)-OX is generated through the inversion center ( Fig. 9) .
Selected bond lengths for the TTF moiety, in good agreement with those for a radical cation, i.e. lengthening of the central CQC bond and shortening of the C-S bonds when compared to the neutral species, 13 are given in Table 1 . The folding angles about the S(1)ÁÁÁS(2) and S(3)ÁÁÁS(4) hinges are 01, whereas only slight distortions TTFÁÁÁOX (2.01) and TTFÁÁÁSMe (4.71) are observed, thus leading to an overall planar geometry of the TTF-(SMe)-OX fragment. Once again, one can distinguish an OÁÁÁS nonbonded interaction, characterized by a short OÁÁÁS distance of 2.97 Å and a linear OÁÁÁSMe motif. The radical cations of the donor organize in slightly slipped centrosymmetric dimers, with rather short intermolecular SÁÁÁS distances of about 3.45 Å , which is likely to favor a strong coupling of the radicals. This behavior is most often encountered within TTF salts containing fully oxidized donors. Moreover, SÁÁÁS interdimer distances are quite longer (3.85-3.95 Å ), above the sum of the van der Waals radii (3.70 Å ). 20 The packing diagram of the compound (7)-Me 173.9; intermolecular distances: S(1)ÁÁÁS(4) 0 ( Àx,1À y,1À z) 3.43, S(3)ÁÁÁS(2) 0 ( Àx,1À y,1À z) 3.46, S(5)ÁÁÁS(7) 0 ( Àx,1À y,1À z) 3.74. Hydrogen atoms have been omitted for clarity.
shows no clear organic-inorganic segregation, with formation of chains of TTF dimers along the a direction ( Fig. 10 ). Cl 14 ] Á 2MeCN, that is six molecule of donors for a dianion, which represents a most interesting stoichiometry, since it implies, a priori, a mean charge of +0.33 on each donor. However, the compound crystallizes in the triclinic system, space group P 1, with three independent TTF molecules in general positions (Fig. 11) , one acetonitrile molecule also in general position and a cluster Mo 6 Cl 14 2À located on an inversion center in the unit cell. The in depth analysis of intramolecular bond lengths (Table  1) for the three molecules A, B and C and comparison with data for neutral 1 and radical cation salt [1a] 2 [Mo 6 Cl 14 ], previously described, unambiguously suggest that molecules A and C, characterized by intermediate values for CQC and C-S bonds, are very likely in mixed valence oxidation state with a mean charge r = +0.5, while molecules B seem to remain neutral. Therefore, at this stage, we can reasonably reformulate the salt as [(A) 2 + (B) 2 0 (C) 2 + ][Mo 6 Cl 14 ] 2À . Interestingly, for the first time in this series, crystallization as s-cis conformation is observed for the molecule A, hence the establishment of an NÁÁÁS nonbonded interaction, with a short NÁÁÁS distance of 2.94 Å , to be compared with the calculated value of 2.94 Å for 1 0+ s-cis (Table 2) . Moreover, molecules B and C crystallize as s-trans conformations, characterized by short OÁÁÁS distances (Fig. 11 ). Note the overall flat geometry of the three donors, with TTFÁÁÁOX and TTFÁÁÁSMe torsion angles close to 01, and the occupational disorder at the chiral carbon atom on the oxazoline ring of molecules C,a sa consequence of the statistical presence of both enantiomers on the same crystallographic site. The observation of both types of nonbonded interactions within the crystalline structure of this salt eventually confirms the predictions of the theoretical calculations concerning the relative stability of the two planar conformations in radical cation salts.
Contrary to the previously discussed fully oxidized salt, in [1a] 6 [Mo 6 Cl 14 ] there is clearly an organic-inorganic segregation along the b direction, with interacting organic donors organized in parallel columns forming slabs in the ac plane, and molecules of solvent included in the anionic slabs (Fig.  12) . Thus, TTF molecules stack along c, with a multitude of short intermolecular SÁÁÁS distances (Fig. 13 ). Moreover, one can distinguish also some lateral SÁÁÁS contacts along a, between B and C molecules, for example. In order to evaluate quantitatively the strength of the HOMO-HOMO interactions between the donors, which is related to the extent of the electron delocalization, accounting for conducting and/or magnetic properties within the solid, we performed extended Hu¨ckel calculations to determine the intermolecular b HOMO-HOMO interaction energies b (Table 3) . 27 Then, tight-binding calculations led to the band structure diagram shown in Fig. 14. According to the stoichiometry of the salt, two holes have to be placed in the upper pair of bands, yet, the flatness of the bands indicates undoubtedly that the system is strongly localized, with two unpaired electrons. The analysis of the calculated interaction energies b HOMO-HOMO (Table 3) allows for an easy understanding of the weak dispersion of the bands. First, there is only one weak interstack interaction (V), suggesting that lateral interactions are not expected to be significant. This could be a likely consequence of the presence of the SMe group, hampering the side interactions. Thus the donors layer should be considered as a series of almost non-interacting parallel stacks. Within a stack we identified four different sizeable interactions. Nevertheless, interaction III, between B and C, appears to be extremely weak, thus leading to an obvious lack of delocalization accounting for a band formation mechanism. Therefore, as far as the HOMO-HOMO interactions are concerned, the system can be described in a first approximation as a network of two discrete units, i.e. a dimer C-C and a tetramer B-A-A-B, in weak interaction. Furthermore, when analyzing the relative energies of the HOMOs of A (À8.606 eV), B (À8.763 eV) and C (À8.580 eV), it appears clearly that the energy levels for A and C are quite similar, which involves that the calculated b HOMO-HOMO energies are indeed a very good estimate of the interaction strengths between A-A and C-C. This is obviously not the case for the interaction between B and another molecule, since the HOMO level of B is roughly 0.17 eV lower than those of A and C, and, according to the perturbation theory, stipulating that the interaction between two orbitals is inversely proportional to the energy difference between them, the effective interaction is expected to be much weaker than indicated by the b HOMO-HOMO interaction energy. This affects especially the interaction I (A-B) , which thus becomes largely inferior to II (C-C) and IV (A-A), whereas III and V were already quite weak. As a consequence, the system can now be considered as a network of mixed-valence dimers (A) 2 + , slightly interacting with neutral molecules B, and mixed valence dimers (C) 2 + almost isolated. As already mentioned, the oxidation state of the donors is also in agreement with the CQC and C-S distances (Table 1) .
This description accounts very well for the calculated band structure at different points of the first Brillouin zone. The two most energetic bands are generated at 90% from the dimer C-C for one of them, and from the tetramer B-A-A-B for the other. In the latter, the contributions can be assigned at 83% on the dimer A-A and only 8% on each of the donors B which thus, can be considered as neutral. Now the question arises why donors B prefer to stay neutral in spite of a favorable overlap with A, which is prone to promote a strong interaction leading to a charge delocalization at least inside the tetrameric unit B-A-A-B.
The rationale for this peculiar behaviour is clearly emphasized in Fig. 15 highlighted. Indeed, the positive charge of a donor is almost completely localized within the EDT-TTF moiety. It follows then that donors B are completely electrostatically isolated from the dianions, since B approach the clusters through the oxazoline substituent, and on the opposite side they are close to other B donors. Therefore, there is no energy gain in the eventuality of delocalizing some positive charge within B, contrary to A and C facing the dianions with the EDT-TTF side. As a consequence, each cluster interacts electrostatically with two dimers (A) 2 + and two dimers (C) 2 + , such as the layer can be seen as a superposition of chains ÁÁÁ, with voids filled by neutral B and solvent molecules. It is thus clear that both the shape and the charge of the cluster are likely to have a strong influence on the structure and transport properties of this salt.
However, the charge localization within hardly interacting mixed-valence dimers of donors suggests a semiconducting behavior at most. Single-crystal conductivity and thermoelectric power measurements show indeed an activated regime throughout all the temperature range. [1a] 6 [Mo 6 Cl 14 ] is thus a semiconductor with a room-temperature conductivity of 2.7 Â 10 À3 Sc m À1 , and an activation energy of 248 meV (Fig. 16) .
Also, the thermoelectric power follows approximately a 1/T law, typical for a semiconducting behavior, 28 with positive values in the whole range of temperature, indicating that the major charge carriers are holes (Fig. 17) .
Moreover, magnetic susceptibility measurements are in agreement with a structure containing radical centers. The compound is paramagnetic following a Curie-Weiss law (C = 0.361 cm 3 K mol À1 and y = À1.8 K). The Curie constant confirms the presence of only one S = 1/2 spin for three TTF molecules. The Weiss constant indicates very weak antiferromagnetic interactions between radical centers that can be considered as almost isolated in the structure (Fig. 18) .
A 4:1 radical cation salt of 1a with the Mo 6 Cl 14 2À dianion
The versatility and adaptability of this 1a-Mo 6 Cl 14 2À system prompted us to perform a third electrocrystallization experiment, now in a mixture of MeCN-CH 2 Cl 2 . To our surprise, a different salt was thus obtained, formulated as [1a] 4 [Mo 6 Cl 14 ], with an intermediary stoichiometry of 4:1 with respect to the first two salts previously described. The new compound crystallizes in the triclinic system, group space P 1, with two independent donors in general positions and one cluster located on an inversion center in the unit cell ( Fig. 19) .
As in the previous case, both s-cis (molecule A) and s-trans (molecule B) conformations are observed, characterized by NÁÁÁS and OÁÁÁS nonbonded interactions, respectively. Once again, this result confirms the trend drawn from theoretical calculations on 1 0+ (vide supra). The analysis of CQC and C-S intramolecular bonds (Table 1) (Fig. 20) .
The careful analysis of the packing mode of donors within an organic layer (Fig. 21) , along with that of intermolecular SÁÁÁS distances and the corresponding HOMO-HOMO inter-action energies b HOMO-HOMO (Table 4) , evidence several features.
First, as far as one refers to the HOMO-HOMO interactions it is clear that the donors organize in tetrameric units [B-A-A-B] interacting each other very poorly, probably because of the lateral offset of donors B. Indeed, large intratetramer b HOMO-HOMO values (I and II) are calculated, whereas interactions III (B-B) intra-stack and IV (B-B) inter-stack are much weaker. Therefore, one can expect massive charge localization within a dicationic tetrameric unit, and, subsequently, weak extended delocalization through band formation. Accordingly, tight-binding calculations yielded a band structure diagram showing a flat upper band, well separated from the next one, expected to be completely empty if considering the +0.5 mean charge per donor (Fig.  22) . The energy location of the different bands closely follows that of the discrete energy levels of a [B-A-A-B] 2+ unit, as expected from the analysis.
The weak dispersion of the bands is the direct consequence of the lack of interaction between the tetrameric units, which is likely to leading to a rather poor conductivity of this salt. This analysis was indeed confirmed by thermoelectric power measurements on [1a] 4 [Mo 6 Cl 14 ] (Fig. 23) .
Thermoelectric power becomes more negative upon cooling following a semiconducting behavior, with large, but negative values in the whole temperature range. Thus, contrary to the 6:1 salt, this time the dominant charge carriers are electrons. The synthesis of the three different salts with the same donor and anion by a fine tuning of the electrocrystallization solvent is certainly largely due to the flexibility of the donor 1, able to adapt two isoenergetic conformations, with a low energy barrier in between, thanks to unprecedented NÁÁÁS and OÁÁÁS nonbonded interactions in the TTF series.
Conclusion
Racemic and enantiopure EDT-TTF-(SMe)-oxazoline donors have been synthesized with the purpose to promote intramolecular SÁÁÁNo rS ÁÁÁO weakly-bonding interactions prone to stabilize planar conformations, and to investigate their relative stability in neutral or radical cation states. Solid-state structure analysis of the neutral donors shows the establishment of only SÁÁÁO interactions, characterized by short SÁÁÁO distances and linear MeSÁÁÁO motifs. Theoretical calculations at DFT/ B3LYP level, combined with an ''atoms in molecules'' (AIM) analysis on the model system 1 0 allowed to evidence and characterize undoubtedly both types of interactions, which were found to be equally strong. Moreover, the calculated energy barrier between the two forms was as low as 7.1 kcal mol À1 in the case of the simpler model 1 00 . The relative stability of the s-cis (NÁÁÁS) and s-trans (OÁÁÁS) conformations was further evaluated in the radical cation salt 1 0+ , allowing to estimate that oxidation of TTF tends to favor the occurrence of s-cis conformation when compared to the neutral case. This feature was nicely evidenced by the synthesis of three different radical cation salts with the racemic donor 1a Cl 14 ], were found to have semiconducting behavior, as determined by appropriate physical measurements, combined with tight-binding calculations. In these two cases the occurrence of both NÁÁÁS and OÁÁÁS nonbonded interactions was observed, demonstrating that the mutual influence between these novel intramolecular interactions in the TTF series and oxidation state can provide unprecedented structures and interesting molecular materials.
Experimental General comments
Dry CH 2 Cl 2 and CH 3 CN were obtained by distillation over P 2 O 5 and THF was distilled over sodium and benzophenone. Nuclear magnetic resonance spectra were recorded on a Bruker Avance DRX 500 spectrometer operating at 500.04 MHz for 1 H, 125.75 MHz for 13 C. Chemical shifts are expressed in parts per million (ppm) downfield from external TMS. The following abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet; b, broad. MALDI-TOF MS spectra were recorded on Bruker Biflex-IIITM apparatus, equipped with a 337 nm N 2 laser. Elemental analyses were performed by the ''Service d'Analyse du CNRS'' at Gif/ Yvette, France. Compound 2 was prepared according to a published procedure. 18 Syntheses 4-(Methylthio)-5-carbomethoxy-1,3-dithiol-2-one (3). A suspension of Hg(OAc) 2 (76 g, 238 mmol) in glacial acetic acid (610 mL) was added to a solution of 4-(methylthio)-5-carbomethoxy-1,3-dithiol-2-thione 19 (22.27 g, 93.4 mmol) in chloroform (340 mL). The reaction mixture was refluxed for 2 h. After filtration through Celite, the filtrate was washed three times with water, two times with saturated NaHCO 3 , and again with water. After drying over MgSO 4 , filtration, evaporation, and drying in vacuo, the resulting yellow-brown powder was recrystallized in isopropanol (17.47 g, 84%) . EDT-TTF-(SMe)-CO 2 Me (4). The precursors 2 (4.48 g, 20 mmol) and 3 (4.45 g, 20 mmol) were dissolved in freshly distilled trimethyl phosphite (70 mL), and then heated at 110 1C for 4 h. Upon standing overnight at room temperature, Fig. 22 Calculated band structure for [1a] 4 [Mo 6 Cl 14 ]; G = (0, 0), X =( a*/2, 0), Y = (0, b*/2), M =( a*/2, b*/2) and S =( Àa*/2, c*/2). Discrete levels at the right are those for an isolated tetramer unit. the side product BEDT-TTF precipitated. After filtration and concentration of the filtrate under reduced pressure, the crude product was purified by silica gel chromatography with toluene as eluent, affording 4, after evaporation of the solvent, as a red solid (2. 36 EDT-TTF-(SMe)-COOH (4 0 ). The ester 4 (4.38 g, 10.99 mmol) in dioxane (260 ml) was reacted with LiOH (2.31 g, 55 mmol, in 40 mL of degassed water) at room temperature overnight. HCl solution (11 mL, 5 M) was than added and a red solid precipitated. After 15 min of stirring, Et 2 O (300 mL) was added and the mixture was further acidified to pH = 1 with 5 M HCl. The organic layer was separated, filtrated to afford a red powder, and then the filtrate was dried over MgSO 4 and evaporated to give a second crop of red powder. The combined red solids were purified in a Soxhlet with acetone, thus providing quantitatively the acid 4 0 .M p 202 1C. 1 H NMR (CDCl 3 , d, ppm): 2.57 (s, 3H, SCH 3 ), 3.39 (s, 4H, SCH 2 CH 2 S). IR (KBr, cm À1 ): 1729 (s), 2500-3000 (b).
EDT-TTF-(SMe)-COCl (5). Acid 4 0 (1.54 g, 4 mmol) was dissolved in THF (160 mL) and the solution thus obtained was warmed up to 45 1C before addition of oxalyl chloride (1.5 mL, 16 mmol) and pyridine (4 mL). After stirring at 45 1C for 3.5 h, the reaction mixture was concentrated under reduced pressure (to 30 mL). The acyl chloride 5 precipitated upon addition of hexane (70 mL), and then it was isolated by filtration and dried under vacuum (1.38 g, 86%). Mp 209 1C. 1 H NMR (CDCl 3 , d, ppm): 2.61 (s, 3H, SCH 3 ), 3.31 (s, 4H, SCH 2 CH 2 S). IR (KBr, cm À1 ): 1712 (s).
b-hydroxy amides (6a-c). (AE)-, (R)-or (S)-2-amino-1-propanol (alaninol) (160 mg, 2.14 mmol) and distilled triethylamine (0.48 mL, 3.42 mmol) were placed in 10 mL THF. The colorless solution was stirred for 10 min under N 2 at room temperature, and then a freshly prepared solution of EDT-TTF-(SMe)-COCl 5 (690 mg, 1.71 mmol in 70 mL THF) was added dropwise. The reaction mixture became orange and a precipitate was formed. After stirring overnight at room temperature, the brown-red mixture was filtrated through Celite, the solvent evaporated, and the crude product purified on silica gel (eluent: THF). The oil obtained after evaporation of solvent was diluted in a small volume of THF (5 to 8 mL) and dropped onto 400-500 mL petroleum ether to afford 6a-c as red-orange powders (670 mg, 90%). 1 H NMR (CDCl 3 , d, m/z = 440.92 M + . Anal. Calc. for C 13 H 15 NO 2 S 7 : C, 35.3; H, 3.4; N, 3.2%. Found: C, 35.2; H, 3.4 ; N, 3.1%.
Theoretical calculations. The optimized geometries have been obtained with the Gaussian03 30 package at the DFT level of theory. The B3LYP functional 31 with the 6-31+G* basis set has been used. Vibration frequency calculations performed on the optimized structures at the same level of theory yielded only positive values. AIM analyses were performed on B3LYP/6-31+G* electron densities.
The tight-binding band structure calculations were of the extended Hu¨ckel type 32a with a modified Wolfsberg-Helmholtz formula to calculate the non-diagonal H mn values. 32b The basis set consisted of double-z Slater-type orbitals for C, N, O and S and single-z Slater-type orbitals for H. The exponents, contraction coefficients and ionization potentials were taken from previous work. 33 Magnetic measurements. The magnetic susceptibility measurements were obtained with the use of a Quantum Design SQUID magnetometer MPMS-XL. Measurements were performed on a polycrystalline sample of [1a] 6 Mo 6 Cl 14 (9.81 mg) . The magnetic data were corrected for the diamagnetic contribution of the sample and the sample holder, estimated from the Pascal's constants. 34 Conductivity and thermoelectric power measurements. Electrical conductivity and thermoelectric power measurements were performed in the range 170-300 K on the same single crystal of [1a] 6 Mo 6 Cl 14 , whereas in the case of [1a] 4 Mo 6 Cl 14 the conductivity could not be accurately measured because of large unnested voltages, therefore only the thermoelectric power was determined in the range 160-300 K. In a first step thermopower was measured using a slow AC (B10 À2 Hz) technique by attaching to the extremities of the needle shaped crystals with platinum paint (Demetron 308 A), two F = 25 mm 99.99% pure Au wires (Goodfellow Metals) anchored to two quartz thermal reservoirs. The oscillating thermal gradient was kept below 1 K, and it was measured with a differential Au-0.05 at.% Fe vs. chromel thermocouple. The sample temperature was measured by a previously calibrated thermocouple of the same type. Both the differential thermocouple and the sample voltage were measured with Keithley 181 nanovoltmeters. The absolute thermopower of the sample was obtained after correction for the absolute thermopower of the Au leads, using the data of Huebner. 35 In a second step, electrical resistivity measurements were performed on the same sample using a four-probe technique. Without removing the crystal from the sample holder, two extra Au wires were placed on the sample in order to achieve a four-in-line contact configuration. Prior to the measurements the sample was checked for unnested to nested voltage ratio, 36 that was below 5% in the case of [1a] 6 Mo 6 Cl 14 . Measurements were done imposing through the sample a current of 1 mA at low frequency (77 Hz) and measuring the voltage drop with a lock-in amplifier.
Electrochemical studies. Cyclic voltammetry measurements were performed using a three-electrode cell equipped with a platinum millielectrode of 0.126 cm 2 area, an Ag/Ag + pseudoreference and a platinum wire counter-electrode. The potential values were then re-adjusted with respect to the saturated calomel electrode (SCE). The electrolytic media involved a 0.1 mol L À1 solution of (n-Bu 4 N)PF 6 in CH 2 Cl 2 . All experiments have been performed at room temperature at 0.1 V s À1 . Experiments have been carried out with an EGG PAR 273A potentiostat with positive feedback compensation.
